Temperature effects on the energetics of the 90 • partial dislocation in silicon and germanium are investigated, using non-equilibrium methods to estimate free energies, coupled with Monte Carlo simulations. Atomic interactions are described by Tersoff and EDIP interatomic potentials. Our results indicate that the vibrational entropy has the effect of increasing the difference in free energy between the two possible reconstructions of the 90 • partial, namely, the single-period and the double-period geometries. This effect further increases the energetic stability of the double-period reconstruction at high temperatures. The results also indicate that anharmonic effects may 1 play an important role in determining the structural properties of these defects in the high-temperature regime.
I. INTRODUCTION
The study of the atomic structure of dislocation cores in semiconductors is not free from outstanding issues. [1] [2] [3] [4] At low deformations, dislocations in these systems are known to occur along <110> directions on {111} slip planes of the diamond (or zinc-blend) lattice. Due to the presence of a two-atom basis, this lattice supports two possible {111} dislocation slip planes, the so-called glide and shuffle sets. In the glide set, the slip plane lies between atomic layers separated by a third of the nearest-neighbor bond length, and geometrically it would appear that dislocation glide should require breaking three covalent bonds. In the case of the shuffle set, the slip plane lies between atomic layers separated by a full bond length, and glide appears to involve breaking only a single covalent bond. This would suggest that lattice friction should be smaller in the shuffle set, and hence that dislocations would glide in that configuration. However, the prevalent opinion is in favor of the glide set, based primarily on the experimental evidence showing that dislocations in Si are dissociated into Shockley partials bounding stacking-fault ribbons, and on the fact that stacking faults are not stable in the shuffle plane. [1] [2] [3] [4] Nevertheless, this conclusion has been disputed by Louchet internal energy of the DP structure is lower than that of the SP core in all three materials (C, Si, and Ge). A possible influence of supercell boundary conditions on these results was raised in Ref. 21 Closely related to the present study is the work of Valladares and co-workers, 16 in which temperature effects on the energetics of the SP and DP cores in Si were investigated using a Tersoff potential, 22 within a harmonic approximation treatment of vibrational entropic effects in the dislocation free energy, at finite temperatures. They find that the free-energy difference between the two cores, at a temperature of 800 K, becomes smaller than the zerotemperature internal energy split, suggesting the possibility of the two cores playing a role in the plasticity of Si, in the temperature range of most plastic deformation experiments (∼700-1000 K). However, the calculations in Ref. 16 did not include anharmonic effects, which are likely to be relevant in that range of temperatures.
In this paper, we present the results of a study of anharmonic vibrational effects in the free-energy difference between the SP and DP cores in Si and Ge. As discussed in the following, we arrive at different conclusions with respect to the work of Valladares et al., with our results indicating that the effect of increasing temperature is to enhance the thermodynamical stability of the DP core with respect to the SP geometry. In our calculations, anharmonic effects are fully taken into account by using a methodology that allows to estimate the free energy through non-equilibrium simulations. The details of this methodology are discussed in Sec. II. In Sec. III our results are presented and discussed.
We end with a summary and conclusions in Sec. IV.
II. METHODOLOGY A. Interatomic Potentials
There are several empirical potentials available in the literature to model the interactions between Si atoms. 23 In the present work, our aim is to account for vibrational entropic effects on the energetics of the SP and DP reconstructions of the 90
• partial dislocation in Si. One key ingredient for this purpose is that both the SP and DP structures be a local minimum of the potential. It is essential then that the potential be able to describe the reconstructiondriven symmetry breaking that leads to the SP geometry. [9] [10] [11] This is an important aspect, since both core structures consist of fully reconstructed bonds, and a realistic description of vibrational properties requires a proper treatment of bonding for the minima in question. to a symmetric (so-called quasi-fivefold) structure.
9,26
The focus of our paper is on the effects of the dislocation vibrational modes on the free energies of the two core models at finite temperatures. In a previous work we have used these two potentials to estimate the free energy of Si in several different phases (amorphous, liquid, and crystalline, as well as clathrate structures), obtaining results which are in good agreement with those of experimental and other theoretical works. 27 For a more specific analysis of the description of anharmonic effects by the EDIP and Tersoff potentials, we show in Fig. 2 
B. Simulations and Free Energy Calculations
In our statistical computation of dislocation free energies, we use a Metropolis-algorithm Monte-Carlo method. Two types of simulations were performed, one employed a canonicalensemble (constant-NVT) treatment, and the other simulated an isobaric-isothermal ensemble (constant-NPT). 30 A simulation cell with 192 atoms was used, containing a 90
• partial-dislocation dipole which was introduced by displacing the atoms according to the continuous-elasticity solution for the displacement field of a dislocation dipole. 6 The introduction of a dipole enables the use of periodic boundary conditions to avoid surface effects.
It should be pointed out that the free energy calculations presented in this work are far more demanding in terms of computer time than harmonic-approximation calculations, which only require one diagonalization of the dynamical matrix, in order to determine the phonon fre-quencies. Therefore, the complexity of our calculations imposes a limitation on the size of the cell used in the simulations. The cell size chosen reflects the best compromise between a good description of the essential physics and computational feasibility.
The free energy calculations were performed using a non-equilibrium method, namely the Reversible-Scaling method (RS). 31 This method consists of simulating a quasi-static process where the potential-energy function of the system is dynamically scaled. It allows for an accurate and efficient evaluation of the free energy over a wide range of temperatures, using a single Monte Carlo simulation, starting from a reference temperature for which the free energy of the system is known. In order to obtain the free energy at this reference temperature, we used the Adiabatic Switching method (AS). 32 Using the AS approach, the absolute free energy can be computed by determining the work done to switch the potential energy of the system from the configuration of interest to that of a reference system for which the free energy is known analytically. The systematic error in the free energy, caused by dissipation, can be estimated by reversing the switching procedure and computing the overall work performed in this round-trip procedure. The statistical error can be estimated by performing several trajectories in the configuration space of the system.
In this work, the reference system was an Einstein crystal, i.e., a collection of independent harmonic oscillators. The angular frequency of the oscillators (ω) was taken to be approximately the vibration modes of Si (ω = 28 Trad/s) and Ge (ω = 15 Trad/s), which correspond to the acoustic phonon modes from the edge of the Brillouin zone that give rise to a pronounced peak in the phonon density of states of these materials. 33, 34 It should be pointed out that the final value for the Gibbs free energy is not sensitive to the choice of the oscillator frequency, provided that the chosen frequency is not very far from the relevant frequencies of the physical system. Monte Carlo constant-NVT simulations were used to generate switching trajectories, with a typical "switching time" of 3.0 × 10 5 MC/steps. The volume in these simulations was chosen to be that obtained from a constant-NPT simulation for the given reference temperature at zero pressure. In general, 25 switching trajectories were used to estimate the statistical error. The estimated error was ± 1.0 × 10 −3 eV/atom. RS calculations were carried out at zero pressure, covering a range from T=100 K to T=2000 K, using a scaling time of 5.0 × 10 5 MC/steps. Five different switching trajectories were sampled, in order to estimate the statistical errors. In this way, we were able to estimate the absolute Gibbs free energy (G abs ) at zero pressure of the SP and the DP reconstructions in the interval from 300K to 1200 K using EDIP and Tersoff models for Si, and for Ge in the same range of temperatures using a Tersoff potential. The absolute vibrational entropy was calculated by taking the numerical derivative of the absolute Gibbs free energy with respect to temperature:
).
III. RESULTS AND DISCUSSION

A. Enthalpies at zero Kelvin
Imposing periodic boundary conditions in a dislocation calculation using supercells requires the net Burgers vector in the cell to vanish. This is done by using cells which contain two dislocations with opposite Burgers vectors. Hence, besides the core enthalpies that interest us, supercell calculations also include elastic interactions between the two dislocations, and between the dislocations and their periodic images. In order to extract meaningful core energy values, these elastic interactions must be properly accounted for. Previous calculations have shown that dislocation cores in covalent semiconductors are very narrow, with the elastic fields reaching the linear behavior predicted by the continuum linear elasticity solution already at a distance of about two lattice periods from the center of the core.
In the particular case of the SP geometry, it is known that a relatively strong dipolar elastic interaction is present, which depends on the relative senses of reconstruction of the two dislocations in the cell, with respect to the broken mirror symmetry. Depending on the size of the cell, this interaction may be of the same order of the core-energy difference between the SP and DP geometries. (A similar effect is present in the DP core, but this is a weaker quadrupolar interaction which can be neglected. 14 ) As discussed in the literature, 14, [16] [17] [18] [19] [20] this dipolar interaction can be properly handled by considering the SP-core energy as the average energy between two supercell calculations, one in which the two SP dislocations are reconstructed in the same sense, and the other where they have opposite reconstruction senses. 17, 19, 20 In order to further investigate the accuracy of this procedure and also to address the numerical convergence level of our calculations for the cell sizes we use, we show in Table   I conditions.
35 Table I shows our results for E SP −DP = E SP − E DP , the energy difference between the average energy of the two SP cells (E SP ) and the energy of the DP cell, and for ∆E SP = E same SP − E opposite SP , the energy splitting between the two SP cells (as described in the previous paragraph), for four different cell sizes. Note that E SP −DP converges for relatively small cell sizes, and faster than ∆E SP , due to the cancellation of elastic effects that happens when we take the average of the two SP calculations. For the free-energy calculations we discuss in the next section, we used the smaller cell, with L = 13.3Å and D = 18.8Å, for a total of larger. We can see from Table I that, already for this 240-atom cell, the TETB result for E SP −DP is converged to within the numerical accuracy of the method. This is also what can be observed for the EDIP potential. The EDIP result for E SP −DP in the 192-atom cell is within 13% of the EDIP converged value, and for the 240-atom cell E SP −DP is converged to within 3%. The Tersoff numbers converge more slowly, with the 192-atom cell numbers being more than twice as large as the converged value. In the case of Ge, we only calculated E SP −DP using the 192-atom cell. We obtained E SP −DP = -8 meV/Å in disagreement with the LDA and Keating-potential results from Ref. 19 . However, as discussed in Sec. III B, the behavior of the free energy as a function of temperature for Ge is the same as that for Si, i.e., E SP −DP increases as the temperature is raised. If we were to extrapolate to the free-energy calculations these convergence trends observed for the 0 K enthalpy results in Table I , we would expect our EDIP free-energy values to be converged to within ∼10%, and the Tersoff values to be about twice as large as what we would obtain with larger cells.
The TETB calculations in Table I were done at the fixed cell volume (corresponding to the experimental lattice constant). As a test, we also performed calculations for volumes 1% larger and smaller, obtaining the same convergence trends, i.e., energies were essentially converged for the 240-atom cell. More importantly, the convergence calculations with the Tersoff and EDIP potentials in Table I were done at constant pressure, resulting in very small changes from the initial volumes.
Before proceeding to the discussion of the free-energy results, let us put the results in Table I The value for E SP −DP in this case is 32 meV/Å, which is more than five times as large as the converged Tersoff value in Table I . This shows that, at least for the 0 K enthalpy, their results are not converged at the same level as our calculations.
B. Free energies
In order to test whether the empirical potentials support the SP and DP reconstructions at high temperatures, we performed constant-NPT simulations of all structures in a broad range of temperatures, from 0 K up to 2000 K (1500 K) for Si (Ge). The structures were further characterized for several temperatures (at every 500 K between 0 K and the highest temperature) by evaluating structural properties such as the pair-correlation function, the bond-angle distribution, and the atomic-coordination number. Only the natural thermal broadening of these functions was observed, with no structural changes and all atoms remaining fourfold coordinated. From these results, we conclude that for both the Tersoff and the EDIP potentials, the SP and DP reconstructions remain stable and do not undergo restructuring over the entire range of temperatures we tested for each of the two semiconductors.
The metastability of the SP core, even at temperatures as high as 2000 K, is not surprising. Unlike the spontaneous transformation of the symmetric quasi-fivefold core into the SP core, which happens at 0 K due to the absence of an energy barrier, 9-11 the SP → DP transformation involves breaking the strong reconstructed covalent bonds in the SP core. The same bond breaking mechanism regulates the kink migration barriers. 10 We have computed an energy barrier of ∼1.5 eV for the process involving the conversion of a segment of two SP periods into a segment of one DP double period.
Let us now turn to the focus of this work, the Gibbs free-energy difference, ∆G, between the SP and the DP cores as a function of temperature, obtained by the Reversible Scaling
Method within the Monte Carlo method (RS-MC). In the previous section we discussed the numerical convergence of our calculations with respect to the two dimensions of the supercell which are perpendicular to the dislocation line. When we introduce thermal effects, periodicity along the line is disrupted by atomic vibrations, and one must be careful about the sampling of the phonon modes along the dislocation direction. In our free-energy calculations, we used 192-atom supercells with twice the lattice period along this direction.
To test the phonon sampling in this cell, we also calculated free energies for a supercell with four times the lattice period along the line, using the Tersoff potential. In Fig. 3 we show the results for the free-energy difference ∆G between the SP and DP cores, for the two types Tersoff potential. The free energy difference ∆G is quite small, when compared with the total free energy of each system, and the same is true for the entropic contribution to this difference. These energy differences will be affected by anharmonic effects, and the discrepancy between the entropic term computed using the two models (EDIP and Tersoff) above 600 K is related to the way anharmonic effects are accounted for in each model. It is clear from Fig. 2 that the results obtained using the Tersoff potential tend to deviate more from the experimental data than those obtained using the EDIP, and that the difference between the two potentials increase with increasing temperature. The more accentuated increase in the entropic term computed using the Tersoff potential has to do with its tendency to overestimate the anharmonic effects, and represents a small amount of energy that is not related to any changes in the structure of the defect (which would imply in much bigger changes in the free energy).
In the case of Ge, ∆G increases with temperature faster than in Si (compared to either of the Si potentials used), from 2 meV/Å at 300 K to 33 meV/Å at 1200 K. While the enthalpy difference at 0 K marginally favors the SP reconstruction (at variance with the LDA result in Ref. 20) , the behavior of the free energy suggests that at room temperature the DP reconstruction would be more stable than the SP structure. It is important to emphasize the similarity between our results for Si and Ge, i.e., the free energy difference ∆G increases with temperature in both cases (the increase rate is larger in Ge than in Si), meaning that the entropic term leads to an enhancement of the thermodynamical stability of the DP structure with respect to the SP, as the temperature increases.
At this point it is interesting to compare the RS-MC results for Si with the harmonicapproximation calculations of Valladares et al.. 16 In Fig. 6 , we show our RS-MC calculations It should also be pointed out that at low temperatures our results cannot be directly compared to those in Ref. 16 , because their calculations take into account quantum effects which are absent in our approach. While quantum effects may be relevant at low temperatures, we are mostly concerned with the anharmonic effects, which become more relevant in the high-temperature regime. Valladares et al. point out that the order of magnitude of the difference in free energies between the SP and the DP reconstructions is smaller than the thermal energy (k B T ) over the entire range of temperature in their study. This would suggest that the two structures would be nearly equally stable. Our results, however, indicate that at high temperatures the free energy difference between the SP and the DP cores is of the same order of the thermal energy. Therefore, considering that the thermal fluctuations are smaller than the thermal energy itself, our results suggest that the DP reconstruction should be dominant in the high temperature regime. In other words, while thermal fluctuations may account for the creation of local defects such as kinks, it is unlikely that these fluctuations may cause substantial portions of the dislocation to switch from the DP to the SP reconstruction (barring a possible dependence of the core energies on the stress acting on the dislocation, 18 an issue that has not yet been investigated in Si and Ge).
IV. CONCLUSIONS
In this work, we studied the differences in free energies and vibrational entropies between the SP and DP core reconstructions of the 90
• partial dislocation as a function of temperature in silicon and germanium, using a Reversible Scaling Method and Monte Carlo simulations, with Tersoff and EDIP models for the energetics. This methodology is a fully-classical simulation which includes all anharmonic vibrational effects. Our results indicate that the difference in the free energies (and in the vibrational-entropy contribution to this quantity) between the two core structures increases with temperature in both materials. In the case of Si, this behavior occurs for both potentials used in the calculations. This is in contrast with the free-energy calculations by Valladares and co-workers 16 which incorporates vibrationalentropy effects only at the harmonic-approximation level. Our calculations indicate that the DP reconstruction, which is lower in energy at 0 K, becomes even more stable with respect to the SP structure in the high temperature regime. Moreover, our results also suggest that the anharmonic effects may play an important role in the description of the thermal behavior 
